In pulsed field gradient gel electrophoresis (PFGE) the intact deproteinized circular DNA of Hycoplasma (800 kb) and Escherichia coli (4700 kb) remains trapped in the slot. We show here that T-irradiation of the DNA in agarose plugs is a convenient method to partially convert these circles into fulllength linears, migrating with the expected mobility in PFGE. We have used this method to study the structure of Double Minute chromosomes (DHs) from the methotrexate (MTX)-resistant mouse cell line 3T6R5O. Intact deproteinized DM DNA is immobile in these gels, but is converted into a single band of about 2500 kb by either T-irradiation, DNasel in the presence of Mn + , or restriction enzymes. We conclude that the DM DNA in 3T6R5O cells consists of a homogeneous population of 2500-kb circles.
INTRODUCTION
Gene amplification underlies many forms of resistance to cytotoxic drugs (1) . The amplified DNA is either inserted in pre-existing chromosomes or present in separate entities. These range in size from submicroscopic elements (plasmids) (2, 3) . through double minute chromosomes (DMs) visible under the light microscope (1, *t, 5) . to large ring chromosomes (6) . The plasmids identified in mammalian cells were shown to be 300 or 650 kb circles (2, 3)-DNA circles ranging from 30 to 120 kb and containing amplified DNA have also been observed in the protozoan genus Leishmania (7, 8) . On the basis of these data one may expect that the much larger DNA in DMs will also turn out to be circular. Indeed, no free ends were observed in DM chromatin (5) by electron microscopy (EM).
Nevertheless, more convenient and conclusive analytical procedures are required for the analysis of DM DNA. EM of chromatin is a specialized technique, it cannot exclude the possibility that the ends of a linear DNA are held together by protein, and it does not provide precise quantitative information on the size and size homogeneity of DM DNA. Moreover, not all amplification events lead to DNA circles. For instance, developmental gene amplification may lead either to stable forked molecules or to linear minichromosomes (9) . We have therefore tried to adapt available gel techniques to analyse DM DNA.
We have previously shown that the intact DNA molecules present in DMs are trapped in the slots of PFQE gels (10) . This is the behaviour expected of large circles (11, 12) , but also of very large linear DNA molecules. It should be possible to discriminate between these alternatives by introducing single double-strand breaks in the DM DNA followed by size-fractionation of the products with recently improved PFOE methods (13, 1*», 15) that resolve linear duplex DNAs up to 7 megabasepair (Mb) . We have found that Tirradiation of DNA immobilized in gels provides a convenient method to introduce single double-strand breaks breaks in large DNA molecules. This method was first tested with bacteria of known genome size (16, 17) , and then applied to DNA of the mouse cell line 3T6R5O, which has amplified dihydrofolate reductase DHFR-genes on DHs (18) .
MATERIALS AND METHODS

Saiple preparation.
Bacterial cultures were grown to stationary phase, then pelleted and resuspended in phosphate-buffered saline, after which DNA embedded in agarose was prepared as described previously (11) , except that lysis of E_. coli samples was preceded by a 4 h incubation with 1 mg lysozyme per ml at 30 "C. The Mycoplasma samples, M. hyorhinis strain DBS1050 and M. honinis strain VKL312 (obtained from Dr. A.F. Angulo, Utrecht), contained DNA from 1.6 X 10* cells in 50 pi and the E. coli samples (strain DH5) contained DNA from 2.5 X 10' cells in 50 ul. Schizosaccharomyces pombe strain 972 h~ (obtained from Dr. J. Klootwijk, Amsterdam) was pelleted and resuspended in phosphate-buffered saline and DNA was prepared after zynolyase treatment in agarose (19) ; each 50 pi sample contained 2.5 X 10' cells. The MTX-resistant mouse cell line 3T6R5O (obtained from Dr. R.T. Schimke, Stanford) was cultured as described previously with 50 pM HTX (18) . We obtained a revertant cell line by culturing 3T6R5O for 3 months without methotrexate. Qenomic DNA embedded in agarose was prepared as described above with 10' cells per sample of 50 pi. DNA samples of Saccharomyces cerevisiae strain DBY702 were obtained from Dr. P.J. Johnson. Phage lambda DNA was embedded in agarose and annealed in 10 mM sodium EDTA and 10 mM Tris/Cl, pH 7.5, at room temperature with 1 ug DNA per sample. Controlled degradation of DNA. Samples were T-irradiated, immersed in 10 mM sodium EDTA (ethylene-diamine-tetra-actetate) and 10 mM Tris/Cl, pH 7-5, by placing them between two llr Cs sources (1.0 Gray/min) . Alternatively, 3T6R5O DNA was degraded with pancreatic DNasel (Boehringer GmbH, Mannheim) after a preincubation with enzyme but without divalent cations to allow the enzyme to diffuse into the agarose before the reaction was started when
HnCl, was added to 0.6 mM (10). Partial NotI digests were obtained by incubating for 1 h with 10 u enzyme (New England BioLabs, Inc., Beverly, Mass.) at 37 "C in the buffer recommended by the manufacturer. The reactions were stopped with washes in 0.1* SDS, 10 mM sodium EDTA and 10 mM Tris/Cl pH
7-5.
Pulsed field gradient gel electrophoresis. DNA was size-fractionated with a PFGE-apparatus (13) , which is a hybrid of the two original designs (11, 19) . except for the experiment presented in Fig size for M. . hominis (16) was visible in ethidium-stained gels after PFGE (Fig. 1, lane 8) . Similar results were obtained with the slightly larger DNA of M. hyorhinis (17) , which banded at 850 kb (not shown). Since a large part of the DNA renained trapped in the slot, we attribute the band and smear below it to degradation and removed this with a pre-run under PFGEconditions (Fig. 1, lane 3) . With subsequent T-irradiation, the 800-kb fragments reappeared in a dose-dependent fashion, i_.e_. at low doses the fraction of linearized circles increases and at higher doses these are in turn converted to smaller fragments (Fig. 1, lanes 4-7) . Part of the DNA, however, is released only at the highest dose apparently without banding at 800 kb. Such trapping is either an artefact common to PFGE gels, or represents aberrant structures in the Hycoplasaa DNA. T-Irradiation may cause up to 100 times more single-strand breaks than double-strand breaks (25) . However, single-strand breaks have no known effect on the mobility of linear DNA in agarose-gels nor do we expect it to influence trapping in these experiments. Theta-structures from replicating bacteria, for example, would not be expected to run as a discrete band. Nevertheless, this experiment demonstrates that T-irradiation effectively linearizes large circular DNA molecules, which can then be size-fractionated by PFGE. (18); DHFR overproduction is the cause of HTX resistance in this cell line. We exposed 3T6R5O DNA to T-irradiation and size-fractionated the samples with a resolution of up to 3000 kb (Fig. 3a) -Increasing the radiation dose (lanes 3-6) led to increased degradation of bulk DNA, which was otherwise trapped in the slot (lane 2). Fig. 3b shows that the irradiation released a discrete band that hybridized with a DHFR cDNA probe. This band migrates at about 2500 kb, it is faintly visible in the ethidium-stained gel (Fig. 3a) and it is also detected by a second DNA probe (M-43.2, see Fig. 3c ), which maps 43 kb upstream of the DHFR gene promoter (21) . As the latter probe contains repetitive sequences, it gives a high background of non-specific hybridization. When the dose of T-irradiation was increased to 100 Gray, the 2500-kb band was replaced by a smear of degraded DNA (Fig. 3b, lane 6 ). Randon breaks in circles fit a Poisson distribution with a maximum of 38X (= 1/e) singly hit DMs at the optimal dose (1 break per circle), while 10 times more irradiation reduces this to 0.05JC, which explains the sudden drop at 100 Gray. As with the Mycoplasma samples, we attribute the remaining slothybridization to trapping inherent to PFGE or to replication intermediates.
Cells in S-phase presumably make up a sizeable fraction of our sample, because the cultures were harvested before reaching confluency to avoid degradation from cell-death. The 25OO-kb band is not a compression artefact, as it was not detected by an actin gene probe (Fig. 3d) . It is also dependent on the presence of specific DHs, as the band was absent from a 3T6R5O revertant cell line, obtained by culturing 3T6R5O for 3 months without HTX (Fig. 3b, lane 7) . Hence, we conclude that the 2500-kb band represents full-length DM DNA linearized by Y-irradiation.
To test whether multimers of the 2500-kb DM DNA exist, we have also fractionated partial Notl-digests and Y-irradiated samples of 3T6R5O DNA under conditions shown to seperate the S. pombe chromosomes. The ethidium stain shows that 3T6R5O DNA can also be size-fractionated in this range (Fig. *ta) . In the Notl-digested sample the array of rDNA repeats forms a discrete band, but not in the irradiated samples. We detect no multimers of DM DNA in this size range, however (Fig. 4b) . We provisionally estimate the size of linearized DM DNA to be about 2500 kb, since it migrates much faster than the 3~Mb chromosome III of S^. pombe, but somewhat slower than chronosome XII of S^. cerevisiae, recently reported to be 2.5 Mb (15).
Clearly, the size estimates in this range are still very approximate.
Enzymatic degradation of 3T6R5O DMs.
To exclude the possibility that DM DNA contains sites hypersensitive to Y-irradiation that would yield discrete fragments irrespective of DM structure, we also introduced double-strand breaks with enzymes. Partial digests were obtained with DNasel in the presence of Mn + , which produces double strand breakage (10, 29) , and with the infrequently cutting restriction enzyme Notl. These treatments yielded a 2500 kb band hybridizing to the DHFR cDNA ( 
